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ABSTRACT 
3D PRINTED BIOREACTOR WITH OPTIMIZED STIMULATIONS FOR EX-VIVO 
BONE TISSUE CULTURE 
ANIRBAN CHAKRABORTY 
2019 
Motivation: Long term tissue survivability ex-vivo can greatly facilitate research on the 
influence of external stimulus (loading, radiation, microgravity) on the tissue, including 
mechanisms of disease transmission and subsequent drug discoveries. Bioreactors (used 
to culture living tissue ex-vivo) can be a valuable tool to study cell activity during 
physiological processes by mimicking their in-vivo native 3D environment 
Objective Statement: We have developed a compact, 3D printed bioreactor equipped 
with both continuous flow-perfusion and dynamic mechanical-loading stimulations, 
capable of maintaining ex-vivo viability of swine cancellous bone cores over a long 
period. Qualitative study of the cultured cores (in terms of material composition and 
mechanical properties) has also been carried out. 
Materials and Method: Trabecular cores of 10mm diameter and 10mm height extracted 
from the femoral head of freshly sacrificed swine were cultured in the bioreactor. 
External stimulations of flow perfusion (15mL/h) and mechanical loading (35N at 0.22Hz 
for 1hour daily) were imparted to the cultured samples. Periodic analysis of tissue 
viability, mechanical stiffness and compositional make-up were carried out via Confocal 
Fluorescent Microscopy, Nanoindentation and Raman Spectroscopy respectively. To find 
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the optimized flow rate for stimulation, effect of media perfusion was compared between 
15mL/h, 35 mL/h and 60 mL/h flow rates. Ongoing work involves analyzing the effect of 
different loading signals to extract the optimized mechanical loading parameters. 
Result: Tissue survivability could be achieved up to 35 days of culture. Matrix 
composition could be best retained via combination of continuous flow perfusion and 
periodic mechanical loading. Increasing the perfusion rate to 60mL/h yielded best results 
in prolonging tissue survivability and in maintaining bone quality.  
Conclusion: We have characterized compositional and cell viability changes under ex-
vivo storage of swine cancellous bone, with primary focus on development of the tissue 
culture platform and optimization of stimulation parameters. The 3D printed platform, 
equipped with both flow-perfusion and mechanical loading is capable of successfully 
culturing cancellous tissue up to 35 days. 
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CHAPTER 1: INTRODUCTION 
Ex-vivo Tissue Culture 
Culture of three-dimensional (3D) living tissue ex-vivo can be a valuable tool to better 
capture cell-cell and cell-matrix interactions that occur in-vivo in native environment 
when compared with cell cultures (Davies et al., 2006; Marino, Staines, Brown, Howard-
Jones, & Adamczyk, 2016; Martin, Wendt, & Heberer, 2004; Sucosky et al., 2008; Takai, 
Mauck, Hung, & Guo, 2004; Walsh, Poole, Duvall, & Skala, 2012). Maintaining long-
term ex-vivo tissue viability will enable development on many fronts, including analysis 
of physiochemical parameters on cultured tissue (Coughlin et al., 2016; Marino, Staines, 
Brown, Howard-Jones, et al., 2016; Martin et al., 2004; Sloan et al., 2013a), effects of 
radiation and microgravity in space research (Torcasio et al., 2014; Vander Sloten et al., 
2005), and understanding mechanisms of disease transmission and related  drug 
discovery in pharmaceutical applications (Cheng et al., 2011; Rayburn et al., 2017). 3D 
culturing also offers several advantages compared to animal testing both in terms of the 
economic and moral burden of testing, and in providing a controlled tissue environment. 
Bioreactors for Ex-vivo Bone Tissue Culture 
While a wide variety of bioreactors are available for two and three-dimensional cell 
culture, a similar platform for 3D tissue culture is currently limited (Breslin & 
O’Driscoll, 2013; Cohen, Johnson-Green, Buckley, Dufour, & Lefebvre, 2006; 
Mazzoleni, Di Lorenzo, & Steimberg, 2009; Schwarz, Goodwin, & Wolf, 1992). Thus, 
development of bioreactors for 3D tissue culture is currently a  growing unmet need for a 
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wide variety of biomedical and clinical application (Marino, Staines, Brown, Howard-
Jones, et al., 2016; Peroglio, Gaspar, Zeugolis, & Alini, 2018; Rayburn et al., 2017).  
The design and the type of stimulations within a bioreactor needs to adapt based on tissue 
and targeted application. For bone tissue, bioreactors need two key parameters, namely 
continuous flow perfusion of the nutrient media, and direct mechanical stimulation. 
Continuous perfusion ensures penetration and diffusion of nutrients to the inner regions 
of cultured tissue, together with the removal of wastes. Perfusion also leads to cell 
stimulation via shear stresses from fluid flow (Mikos, 2008). Flow perfusion either free 
or forced is critical for cancellous bone tissue, and hence is incorporated in all of the 
existing bioreactors reviewed in this work and earlier (Ravichandran 2018, Abubakar 
2016). Direct mechanical stimulation promotes cell proliferation, differentiation, and 
mineralized matrix production, thus improving tissue viability during ex-vivo culturing. 
Limitations of Existing Systems 
Although existing bioreactors have significantly contributed to our understanding of the 
functional and cellular activity assessment of bone tissue, they suffer from limitations 
such as bulky design, low shear stress, forced perfusion, interruption in perfusion during 
loading, limitations in terms of tissue size and/or culture period, or a combination thereof. 
Moreover, most of the lab-grade bioreactor is not designed for a wider audience or for 
high throughput applications, and hence are less adaptable for industry and clinical 
applications. Moving forward, the next generation bioreactor needs to address the 
limitation of the existing system and provide an accessible and versatile design to address 
the need for a wide variety of research and clinical application. The system needs to be 
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compact to fit in standard lab-grade incubators, adaptable to versatile loading needs, and 
provide ease of assembly and use for wide audience. Many applications such as radiation 
damage analysis (space radiation or otherwise), normal and diseased growth mechanism, 
and drugs development applications, may require longer culturing period. Hence 
incorporating strategies to extend culturing period without loss of cellular viability poses 
another challenge for future bioreactors. Finally, long-term culturing may also require 
access to the tissue surface for in-situ monitoring.  
Our Contribution 
The present work aims to address some of the above challenges in bioreactor design and 
demonstrate its use in long-term 3D tissue culture of cancellous bone. Specifically, we 
have developed a tissue bioreactor platform with continuous flow perfusion and 
integrated versatile loading system. Tissue culture using swing cancellous bone has been 
conducted employing varying parameters to generate the optimized stimulation of media-
perfusion and mechanical loading. The bioreactor uses off-the-shelf components and 3D 
fabrication techniques for ease of assembly and use, and cam-follower assembly for 
loading. The versatality of our mechanical loading system offers flexibility to work with 
various other kinds of samples as well, e.g. cell seeded synthetic scaffolds. The plaform is 
thus compact, economical, lightweight and adaptable. The system application was 
demonstrated via ex-vivo culture of the sizeable cancellous bone core (10 mm x 10 mm) 
long-term (35 days).  The bioreactor design including fabrication, sensor and load 
calibration, and ex-vivo storage protocol are detailed below. Comparison of results 
obtained using different setups (Static setup, Perfusion setup and Loading setup) and 
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using diverse stimulation parameters (different media flow rates and different 
mechanical-loading waveforms) is also elucidated below. 
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CHAPTER 2: LITERATURE REVIEW 
This chapter contains a literature review related to the various parameters used in 
providing external stimulations to the cultured tissue. Moreover, it details the various 
systems used to impart these stimulations. It also addresses the issues concerning each 
design and how our device can take care of these limitations. The study done in this 
thesis is aimed to add more knowledge on tissue culture platforms and provide an 
alternate bioreactor design capable of long term ex-vivo survivability of cancellous bone 
tissue. 
Diverse designs exist for imparting direct mechanical loading to the cultured bone tissue. 
The applied mechanical stimulation varies among systems and includes dynamic 
hydrostatic compression (Takai et al, 2004), modular cyclic uniaxial compression as in 
Zetos system (Davies et al 2006), integrated cyclic compression (Hoffmann et al., 2015, 
Maeda et al) and  magnetic field stimulation via magnetic nanoparticles (Dobson, 
Cartmell, Keramane, & El Haj, 2006). Takai et al. evaluated osteocyte and osteoblast 
function in bovine trabecular bone cores (5 mm  x 4 mm) of metacarpals (Takai et al., 
2004). Dynamic hydrostatic pressure of the nutrient media was used for compression 
mechanical stimulation of the samples. Application of hydrostatic compression showed 
enhanced osteocyte viability and upregulated osteoblast activity. Zetos culture system has 
been used in many applications including to evaluate the effect of sample preparation on 
the ovine, bovine and human tissue (Davies et al., 2006; Endres, Kratz, Wunsch, & Jones, 
2009; Jones, Broeckmann, Pohl, & Smith, 2003), to examine the effect of mechanical 
stimulation on osteocyte apoptosis in human trabecular bone (Mann, Huber, Kogianni, 
Jones, & Noble, 2006), and to investigate bone formation rates (David et al., 2008).  
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Davies et al. cultured ovine, bovine and human cancellous bone cores and subjected them 
to flow-perfusion and mechanical loading using the Zetos-system which uses an LVDT 
arm. Cultured samples of 10mm diameter and 5mm height were subjected to periodic 
histological, radiology, micro-CT and viability analysis to study the effect of sample 
preparation on tissue survivability and morphology. Endres et al. cultured bovine 
cancellous cores in the ZETOS-loading system to investigate the effect of different 
loading signals on the cultured tissue. Six sets of tissues (subjected to unloaded, 1000, 
1500, 2000, 2500, 3000 µɛ) were cultured and the variation of their stiffness was 
compared throughout the culture period. Samples subjected to loading yielded significant 
higher stiffness results as compared to the unloaded samples. The 4000 µɛ samples could 
best retain their mechanical stiffness. Increased osteoblastic activity via upregulated 
osteoid deposition was also observed due to loading, as compared to unloaded samples. 
Mann et al. cultured human trabecular bones and periodically subjected them to cyclic 
mechanical strains of 3000µ for 5 minutes daily to study the effect of loading on 
osteocyte viability. Mechanical loading was found to significantly reduce osteocyte 
apoptosis while unloading resulted in a clear decrease of osteocyte viability within 3 days 
of culture. David et al. cultured bovine cancellous cylinders and subjected them to forced 
perfusion of the nutrient media and perioding mechanical loading using the Zetos-system 
daily for 3 weeks. Effect of external loading on the sample was studied in terms of 
osteocyte viability, gene and protein expression and histomorphometric bone formation 
rate. The micro-architecture of the bone was also apprised using micro-CT. Compared to 
unloaded samples, samples subjected to mechanical loading exhibited increased 
osteoblastic differentiation and higher cellular-activity. Hoffman et al. investigated 
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fracture healing under mechanical loading for collagen-based and nickel-titanium 
scaffold ceded with human mesenchymal stromal cells (Hoffmann, Feliciano, Martin, de 
Wild, & Wendt, 2015). The fractured cartilage cauuss was subjected periodically to 
cyclic mechanical stimulation to investigate its effect on fracture recovery. Results 
indicated an increase in chondrocyte differentiation via faster maturation of the seeded 
MSCs and much higher mineralization of the deposited extracellular matrix upon 
mechanical loading. Dobson et al. analyzed upregulated cell activity and mineralization 
under physiological mechanical loading on primary human osteoblasts ceded on PLLA 
scaffolds (Dobson et al., 2006). They used a magnetic-force bioreactor with 
biocompatible magnetic nanoparticles suspended in the nutrient media. Presence of an 
external magnetic field allowed the application of shear stresses directly on to the cell 
membranes instead of the scaffold. The magnitude and orientation of the applied stress 
can be varied by changing the strength and direction of the magnetic field. Gene activity 
of the cultured core was carried out to analyze the effect of magnetic loading of the 
seeded cells. Maeda et al. evaluated the effect of cyclic compression on a thin slice of the 
chicken bone tibia (Maeda, Nakagaki, Ichikawa, Nagayama, & Matsumoto, 2017). To 
analyze the effect of mechanical loading on the development and post-natal maturation of 
bones, 3mm thick tibial slices were taken from 0-day old chicks and cultured. Cyclic 
compression at 0.3N peak load and at a frequency of 3-4 cycles/minute was exerted over 
a three day period. Significant increase in the elastic moduli was observed for samples 
subjected to loading. Over and above, much higher mineralization of the deposited matrix 
was also found to occur for loaded samples. It was confirmed that immature bones can 
also respond to mechanical stimulation and demonstrate an increase in the bone matrix. 
8 
 
Coughlin et al. investigated primary celia expression in bone morrow of sheep vertebral 
bone (Coughlin et al., 2016). To investigate the response of cilia to the mechanical 
stimulation of the bone marrow, trabecular explants with the marrow intact were cultured 
and divided into two groups: mechanically loaded and unloaded samples. Higher 
proliferation of the mesenchymal stem cells were observed for loaded samples as 
compared to unloaded specimen. However, the bone formation rate was found to be 
unaffected due to the loading. 
The existing bioreactors for bone tissue reviewed above varies in terms of perfusion 
(forced vs. free), and loading (perfusion-based shear, hydrostatic loading, mechanical 
compression, and magnetic loading) design. The design thus adversely affects cell 
viability and leads to shorter culture period (Couglin et al. 2016). The application 
includes varying sample size (2-3 mm tissue slice to 10 mm x 5 mm tissue core) and 
culturing period (as low as 3 days to up to 26 days). Forced perfusion leads to the 
compact packing of the bone core, but may prevent consistent nutrient supply since 
mechanical loading platform is in direct and continuous contact with the tissue ends. 
Hydrostatic pressure based stimulation (Takai et al., 2004) leads to low shear stress, 
difficulty in controlling the frequency and magnitude of loading, and simultaneously 
maintaining a constant perfusion rate during stimulation. Mechanical stimulation via use 
of linear variable differential transducer (LVDT) is the most common type of loading 
design incorporated in various platform (Davies et al., 2006; Marino, Staines, Brown, 
Howard-Jones, et al., 2016; Martin et al., 2004; Sucosky et al., 2008; Takai et al., 2004; 
Walsh et al., 2012), Bouet et al., 2015). The LVDT based system leads to a bulky 
platform which can prevent its fit inside standard lab incubator. In some case, the LVDT 
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loading platform is separated from the culture chamber, example as in Zetos system. The 
separation of the loading platform, in turn, causes an interruption in nutrient perfusion 
and increases chances of sample contamination, each of which can negatively impact cell 
viability. Magnetic field stimulation using magnetic nanoparticles also leads to bulky 
design due to the need for an electric field generator. The suspended nanoparticles can 
clog tissue pores preventing media perfusion inside of the scaffold.  Hoffmann et al. used 
a rigid cam-shaft system for mechanical loading leading to a compact design (Hoffmann 
et al., 2015) as compared to other system. However, loading platform was integrated with 
forced perfusion system, leading to constrains in long-term ex-vivo tissue viability and 
access to the tissue surface during storage. 
Research Objective 
Our objective is to take care of all the above limitation and develop a light-weight, 
compact and versatile bioreactor equipped with both continuous flow-perfusion 
stimulation and periodic mechanical-loading stimulation which can both be 
simultaneously applied. The versatility of the loading system gives freedom for research 
on a variety of samples, not just swine cancellous bone. Furthermore, the stimulation 
parameters for flow-perfusion have been optimized via further experimentation. Ongoing 
work involves subjecting the cultured tissue to various loading regimes to extract the 
optimized parameters for dynamic mechanical loading. 
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CHAPTER 3: METHOD AND APPROACH 
Device Development 
The device development process was carried out in the following stages:- 
1. Fabrication of the bioreactor 
2. Integration of a mechanical loading system 
3. Sensor calibration and loading profile/waveform 
The bioreactor development was divided into three separate setups so as to compare and 
optimize culture parameters such as nutrient media, perfusion rate, and mechanical 
loading. Figure 1 shows the three setups, namely static (Figure 1a), perfusion (Figure 1b), 
and loading (Figure 1c). Each of the setups consisted of a base platform with multiple 
tissue wells to house bone cylinders 10 mm  x 10 mm. The base platform of static setup 
consisted of six tissue wells and no perfusion or stimulation. The base platform of 
perfusion setup consisted of six tissue wells arranged in single column, and integrated 
with a pump and nutrient reservoir. Internal flow channels was designed in the base 
platform for inflow and outflow of nutrient media. The base platform of loading setup 
used the same design as the perfusion setup. In addition, a loading assembly was 
integrated which could slide along grooved edge vertical rails to load individual cells. 
The loading was achieved as a cam-follower assembly as detailed in Sections 2.1 and 2.2 
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The loading direction was separated from flow perfusion, which allows for mechanical 
loading independt from flow perfusion.  
 
Figure 1: Schematic of bioreactor setups for (a) static, (b) perfusion, and (c) loading 
design. The base platform in each of the setup houses multiple tissue wells to culture 
bone cores 10 mm x 10 mm. The static setup platform does not incorporate flow perfusion 
or loading. The base platform for perfusion and loading setup are similar and consists of 
six wells arranged in single column, with internal channels for inflow and outflow of 
nutrient media. A cam-follower assembly was integrated in the loading set-up for direct 
mechanical stimulation. 
Bioreactor Fabrication 
As detailed above, the base platform in all of the steup consists of multiple tissue wells 
arranged in a matrix of rows and columns. Dimensions of each well was 20mm x 20mm, 
large enough to culture cylindrical bone cores 10mm x 10mm. We used a total of six 
independent wells in each case. For high throughput applications, additional wells can be 
added to the base platform or multiple 6-well setups can be used. For the case of flow and 
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loading setup, a network of internal channels was tunneled into the perfusion base 
platform for nutrient transport to and from the wells. A network of internal channels 
together with side rail was designed for the loading setup. A low flow (0.03-8.2 ml/min) 
mini variable speed peristaltic pump (Thermo Fisher) was used for flow perfusion for 
setup b and c. With the choosen pump, flow rates as high as 80 mL/hour can be applied 
assuming equal distribution of the flow within the six wells.  Mechanical loading is 
exerted in the axial direction of the bone core, while the direction of flow of nutrient 
media was perpendicular to the axis of the samples. Hence loading and perfusion are 
integrated in a compact setup but was applied independent from each other. Furthermore, 
due to the compact design of the whole setup, the whole system can easily fit inside a 
standard lab incubator shelf during culture. A CAD model for each of the setup was 
created in STL file format and converted into gcode using CURA software (Ultimaker 
CURA 3.6)  and fabricated using Ultimaker3 (Ultimaker, USA). We selected Polyamide 
Nylon materials (Ultimaker Nylon) for fabrication since it is biocompatible and 
autoclavable material. 
Mechanical Loading System 
A compact cam-follower assembly was designed and integrated into the platform for 
cyclic compression. The cam was designed as a cylindrical disk with an offset rotational 
axis. The cam is rotated using a DC motor, and actuates a flat follower to press down on 
the cultured sample.  The follower oscillates up and down during one cycle of rotation 
and imparts cyclic mechanical loading to the bones. The tissue wells was covered using a 
thin flexible silicon membrane 0.4 mm thick to separate the cam from the nutrient and the 
tissue. Each of the well was fitted with its own individual follower attached to the silicon 
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membrane. The  motor and cam assembly could then slide over grooves attached alogn 
the base plaform to manualy position directly over the follower for loading. The sliding 
action and positioning of the cam over the follower will be automated in future design.  
Depending on the application, the peak force and loading frequency can be modulated by 
choice of motor (torque and rpm) and cam (radius and offset) parameters. Here we used a 
cylindrical cam of 30 mm X 6 mm thickness with a rotational axis at 5mm offset from the 
center. The follower consisted of a thin cylinder 12 mm x 8 mm. The cam was rotated 
using a high-torque low-rpm (20 rpm) 12V DC motor (Zhengke 20RPM gear-box motor). 
Image of the bioreactor assembled with the mechanical loading system and the flow 
perfusion setup is shown in Figure 2 below. 
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Figure 2: The assembled bioreactor platform integrated with flow-perfusion stimulation 
using a peristaltic pump and mechanical loading stimulation using a cam/follower 
assembly. 
Sensor Calibration and Loading Profile 
The loading profile, loading frequency, and duration of loading varies depending on 
tissue and specific applications. Short duration dynamic loading is needed to promote 
bone adaptation and cellular viability (Turner 1998 ).  The combined effect of strain and 
frequency can be approximated using a  Strain stimulus (S) paramter given by eq. (1).  
S = k1𝛴𝑖=1
𝑛 ɛi x fi     eq (1) 
Where k=proportional constant, ɛ= peak to peak strian magnitude, and f=frequency. 
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A strain of 2000 to 4000 µɛ is known to support bone adaptation across animals species, 
while a strain beyond 7000 µɛ is known to cause bone failure (Clinton, 1984). Low 
magnitude high frequency (LMHF) loadings is known to provide suitable stimulus to 
support bone growth and prevent bone loss under space environment and aging (Nagaraja 
& Jo, 2014). Table 1 summarizes diverse loading conditions from literature employed on 
skeletal tissue. 
No Peak stress 
(MPa) or 
Peak strain 
( 
Frequency Duration Scaffold & 
cells 
Reference 
1 105 to 2x105 
 
1 Hz 3 hr/day Agarose 
scaffold, 
Chondrocytes 
cells 
(Soltz, 2000) 
2 3 MPa 0.33 Hz 
 
1 hr/day Trabecular 
bone, 
Osteoblast cells 
(Takai et al., 
2004) 
3 3000  1 Hz 5 min/day Trabecular 
bone, 
Osteocyte cells 
(Mann et al., 
2006) 
4 2000  0.5 Hz 
 
4 cycles of 
loading, 
8 sec/day 
cortical bone 
Osteoblast, 
Osteocyte and 
(Rubin, 
Sommerfeldt, 
Judex, & Qin, 
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Osteoclast cells 2001) 
5 0.5 MPa 0.5 Hz 3 days Cartilage 
explants, 
Chondrocyte 
cells 
Torzilli, 
Bhargava, & 
Chen, 2011 
6 25000  1 Hz 2 hrs, 
3 times/day 
NiTi scaffold, 
Human MSCs 
(Hoffmann et 
al., 2015) 
7 4000  1 Hz 300 
cycles/day 
Trabecular 
bone, 
Osteocyte cells 
(David et al., 
2008) 
8 200 to 106  0 to 10 
Hz 
1 hr/day Bone-like 
artificial 
constructs 
(Hagenmüller, 
Hitz, Merkle, 
Meinel, & 
Müller, 2010) 
9 800  3 Hz 15 min/day Calcium 
phosphate bio-
ceramic 
scaffold, 
Osteocyte and 
Osteoblast cells 
(Bouet et al., 
2015) 
10 2000  1 Hz 10 min/day Trabecular 
bone, 
Osteoblast cells 
(Birmingham, 
Niebur, 
McNamara, & 
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McHugh, 
2016) 
Table 1: Summary of diverse loading profile and loading duration used on skeletal tissue 
various applications. 
Based on above, the target strain stimulus for the designed cam-follower assembly was 
within a range of 2000 to 10000 μ. To calibrate the loading profile, we used an off-the-
shelf compression load cell (FC22 series, TE Connectivity, USA). The load cell was 
calibrated using Electromechanical Testing System MTS Insight 5 (MTS, USA).  Figure 
3 shows the schematic of sensor calibration setup. The sensor was firmly placed on the 
fixed, perfectly horizontal base of the machine. Vertically above the sensor was a flat 
loading platen, affixed to a 5 kN load cell. The loading platen was press down on the 
sensor at a fixed speed of 0.1 inches/minute. A preload of 1N was used to confirm contact 
between platen and sensor before beginning the test. A strain endpoint of 0.2% was set to 
conclude the test. As the platen pressed down upon the sensor, the magnitude of force 
sensed by the 5 kN load cell was recorded by the MTS machine in real time at a data 
collection frequency of 10 Hz. The separate setup was used for reading sensor voltage 
values by connecting the sensor to the Arduino microcontroller (Arduino UNO, 
Arduino.cc) and using serial monitor capturing tool. Time-stamps from the two setup of 
data colelcted were tallied to combine the load cell voltage reading with the force 
readings and generate the voltage-force calibration curve (Figure 4). The voltage-force 
data was collected using two spearate set of experiments for repeatibility. The final 
calibrated relationship between sensor reading V (in volts) and load F (in Newton) is 
given by equation 2 below.  
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V= 0.0103 F      (eq. [2]) 
The calibrated load sensor was then used to obtain the loading profile (force vs. time) 
applied by cam-follower setup. Figure 5 shows the loading profile generated, which is a 
triangular waveform with a maximum load of 35 +/- 2 N (or stress of 0.45 +/- 0.02  MPa) 
at a frequency of 0.22 Hz. The strain applied on the sample will vary depending on 
sample stiffness. From literature, the macro-scale compression stiffness of cancellous 
bone varies from 20 to 500 MPa (Nazemi, Moztarzadeh, Jalali, Asgari, & Mozafari, 
2014). We obtained a compression stiffness of  35 MPa by separate compression testing 
of dried bone cores.  Hence a peak strain of 4500 microns at 0.22 Hz frequency could be 
obtined with the current setup which lies well within the targeted range. Modifications of 
the loading profile can be achieved quite simply by modifying motor (torque and rpm)  
and cam (radius and offset) parameters. 
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Figure 3: Schematic of the setup used to calibrate the load Sensor. Force readings are 
collected by the Compression Testing machine, while Arduino simultaneously collects 
voltage readings. Voltage v/s Force calibration curve of the Load Sensor. 
 
Figure 4: Voltage (V) v/s Force (N) calibration curve of the load sensor. Force data is 
collected by the load cell of the compression testing machine while the Voltage data is 
simultaneously gathered by the Arduino. 
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Figure 5: Force (N) v/s Time (s) waveform for mechanical stimulation of the samples 
Device Application for Ex-vivo Tissue Culture 
We demonstrated the application of the deisgned bioreactor via ex-vivo long-term storage 
of cancerous bone tissue. Three sets of tissue culture were performed to demonstrate the 
effect of loading and flow perfusion on culturing period and tissue quality. Using the 
static setup, tissue was stored in the nutrient media but with no loading or perfusion. For 
the perfusion setup, a flow rate of 15 mL/hour was used which has been earlier shown to 
be conducive for ex-vivo bone tissue survivability (Davies et al., 2006; Endres et al., 
2009; Jones et al., 2003). For the loading setup, continous flow perfusion of 15 mL/hour 
together and cyclic mechanical loading was used. The mechanical loading included a 
cyclic loading of 35 N at a frequency of 0.22 Hz for 1 hour daily.  
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Sample Preparation  
Freshly excised swine femoral sections were obtained within a few hours (2-4 hours) of 
animal death and transported to the lab in an ice-box to avoid in-transit contamination 
and cell-death. The sample was rinsed with deionized water water to wash off loose 
debris, and cleaned of soft tissues. Sample were collected from femoral head which is the 
region of trabecular bone. For ease of sample extraction, a 4-inch section of femoral head 
was cut using a band-saw. Following which, 10 mm diameter cylindrical cores were 
extracted using diamond tipped hollow fluted-drills. The drilled-out cores were again 
sectioned to a thickness of 10 mm using a low-speed saw (PICO155, Pace Technologies). 
Throughout the cutting process, bones were irrigated with 0.9% NaCl solution (S8776, 
Sigma-Aldrich) at 4°C to avoid heat build-up and consequent cell death. The cylindrical 
cores were finally ready to be cultured using the designed bioreactor. 
Storage Conditions and Nutrient Media  
The freshly harvested swine bone cores were immersed in nutrient media inside the 
culture well and stored inside an incubator (MCO-170AICUVL CO2 Incubator, 
Panasonic®). Environmental parameters included a temperature of 37°C, humidity of 
95%, and CO2 density of 5% for maintaining a slightly basic pH media to mimic native 
tissue environment. Such conditions are known to support bone growth (Davies et al., 
2006; Okubo et al., 2013).  
Table 2 list the nutrient media components. The primary nutrient media consisted of 
serum-free Dulbecco’s Modified Eagle Media (DMEM). Penicillin and streptomycin 
were added as antibiotics to prevent bacterial contamination. GlutaMAX was added after 
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diluting to 1X in distilled water to support higher growth yields, more efficient 
metabolism, increased media stability, and decreased the build-up of toxic ammonia. 
HEPES was used as a buffer to maintain pH of the media despite the change in 
concentration of CO2 caused by cellular respiration. Foetal Bovine Serum was also added 
to act as a rich source of amino acids, proteins, vitamins, carbohydrates, growth factors, 
lipids and hormones to further support bone growth (Ayobian-Markazi, Fourootan, & 
Kharazifar, 2012; Okubo et al., 2013; Seo, Cho, Kim, Shin, & Kwun, 2010; Takai et al., 
2004). Finally, L-ascorbic acid and Zinc chloride was added. L-ascorbic acid acts as an 
anti-oxidant and enhances cell-survivability, while Zinc chloride increases bone-cell 
proliferation and collagen synthesis (Seo et al., 2010). The nutrient media was replaced 
with fresh media every three days. 
Media Supplier Quantity 
DMEM ThermoFisher 100 mL 
Penicillin Life Technologies 100 units/mL 
Streptomycin Life Technologies 100 μg/mL 
GlutaMAX-100X Life Technologies 0.3 mL 
HEPES Life Technologies 10 mM 
Fetal Bovine Serum Gibco, Life 
Technologies 
10 mL 
L-ascorbic acid SigmaAldrich 11g per sample 
Zinc Chloride SigmaAldrich 74g per sample 
Table 2: Summary of Nutrient Media and nutrient additions used for tissue storage/ The 
nutrient was replaced every three days of storage. 
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Tissue Analysis  
Tissue samples were extracted at pre-determined time points from culture wells for 
analysis. Day 0 analysis served as control and was performed right after sample 
extraction and before beginning tissue culture. Cultured samples were subsequently 
harvested on Days 7, 14, 21, 28 and 35 to monitor change in cell viability and 
corresponding modification in matrix composition and stiffness. The sample was 
embedded in epoxy (Buehler EpoxiCure2 Resin) and polished prior to analysis. The 
polishing steps has been detailed below. 
Cellular Viability Analysis 
Cell viability is an essential parameter to evaluate the long-term survival of cells 
(Gantenbein-Ritter et al., 2008; Gantenbein-Ritter, Sprecher, Chan, Illien-Jünger, & 
Grad, 2011). Viability analysis leads to visual confirmation of the presence of Live/Dead 
cells. The Calcein AM/Ethidium homodimer-III dyes can be used to stain living and dead 
cells in the tissue or scaffold (Gantenbein-Ritter et al., 2008, 2011; Takai et al., 2004). 
The Calcein AM gets enzymatically hydrolyzed into calcein in living cells, turning living 
cells fluorescent green. The Ethidium homodimer, on the other hand, is only able to enter 
cells with a compromised membrane (dead cells) and stains nucleic acid fluorescent red. 
For cell viability analysis, extracted samples for viability test were washed three times in 
sterile PBS to wash off residual nutrients and debris. The cylindrical sample was 
sectioned in the middle (along with its longitudinal axis) to expose cells within its core. A 
staining solution is prepared by mixing five µL of 4mM Calcein AM and 20 µL of 2mM 
Ethidium homodimer-1 (Viability/Cytotoxicity Assay kit, Biotium) to 10 mL of sterile 
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PBS. The obtained solution has a concentration of 2 µM Calcein AM/4 µM Ethidium 
homodimer. Samples are incubated in the staining solution at room temperature for at 2 
hours in the dark. Post incubation, the samples were again washed in sterile PBS. A 
specialized sample-holder comprising of notches of depth approximately equal to the 
thickness of the bone samples was used. Samples adhered to the customized holder with 
the help of thin glass cover-slips and duct tape. After staining the samples for 2 hours in 
the dark, exposed internal cross-sections of the samples were imaged immediately under 
a Fluorescence microscope (FluoView 1200, Olympus Life Science). Calcein has an 
excitation/emission of 494/517 nm and Ethidium homodimer-III have an 
excitation/emission of 530/620 nm. For detection of each stain used, excitation and 
emission filters corresponding to that particular stain were employed. 
Raman Spectroscopy 
Raman spectroscopy was used for bone composition analysis as the technique is suitable 
both for fresh, fixed, as well as embedded samples (Mandair & Morris, 2015). The 
embedded and polished sample was scanned using a Raman spectroscopy (Vis/NIR 
spectroscope-SuperGamut, Bayspec) using a 785 nm laser for excitation at 50% laser 
power. Readings were taken in the dark, maintaining approximately 5-8 mm gap between 
the sample surface and the probe tip. Five readings at different time intervals were taken 
at five different spot location on the sample, thus getting a total of 25 readings per 
sample.  
Post-processing of Raman data included averaging, smoothening, baseline correction, and 
peak identification and was carried out using Origin94 (OriginLab, USA).  Our earlier 
work (Chauhan, Rastogi, Khan, & Prasad, 2017) details the post-processing and Raman 
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signature analysis steps, and is also summarized in Figure 6. Averaging of multiple 
Raman spectra improves the precision of the reading by reducing the signal to noise ratio. 
Smoothening (Savitzky Golay filtering) was applied to the averaged curve, follow by 
baseline correction to obtain the final spectra. Peak identification for bone composition 
and quality was carried out on the final spectrum to derive information regarding calcium 
content, crystallinity, and bone maturity. The v1PO4
3- band (959-862 cm-1) is the most 
prominent mineral band. Amide-I (1600-1700 cm-1) is the most prominent protein band. 
The ratio of the areas under the v2PO4
3- to the Amide- III band has been found to denote 
the calcium content (Roschger et al., 2014). The inverse of the full-width half maxima 
(FWHM) of the v1PO4
3- band can be used for assessing the amount of mineral 
crystallinity (Morris & Mandair, 2011). Smaller the value of FWHM, greater is the 
crystallinity, older is the bone matrix. Matrix maturity can also be analyzed using the 
ratio of the areas under the v1CO3
2- band to the Amide-I band (Mandair & Morris, 2015). 
A higher carbonate/amide-I ratio indicates the presence of older, more mature bone. 
26 
 
 
Figure 6: Post-processing of Raman data 
Mechanical characterization 
For evaluating the Elastic modulus and the Hardness of bones at micro-structural level, 
the technique of Nanoindentation has been widely used (Donnelly, Baker, Boskey, & van 
der Meulen, 2006; Chauhan, Khan, & Prasad, 2018; Hoffler, Guo, Zysset, & Goldstein, 
2005; Rho, Tsui, & Pharr, 1997). One of the great advantages of the technique is its 
ability to probe a surface and map its properties on a spatially-resolved basis [21](Rho et 
al., 1997). Developed by Oliver and Pharr, it is a non-destructive testing where the 
samples can be retained even after the test. The surface roughness of the sample has a 
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marked influence on the measured properties (Donnelly et al., 2006). So to decrease the 
surface roughness of the bone-samples before nanoindentation a series of polishing steps 
are carried out, in the manner described below. 
 After taking out of the incubator, samples are rinsed in distilled water to wash off 
the nutrient media, 
 Samples are embedded using resin (EpoxyCure2 Resin, Buehler) and hardener 
(EpoxyCure2 Hardener, Buehler) in a 4:1 ratio and allowed to cure overnight, 
 The embedded samples are first coarse polished using SiC abrasive papers of 600, 
800 and 1200 progressive grit sizes (CarbiMet, Buehler). DI water is used as a 
lubricating and flushing medium, 
 For fine polishing, 6µm, 3µm and 1µm Polycrystalline diamond polishing 
suspensions (MetaDi Supreme, Polycrystalline Diamond Suspension, Buehler) are 
respectively used by spraying over a soft cloth (TexMet C, Buehler) adhered to 
the rotating wheels of the Polishing machine (NANO 2000T- Grinder Polisher, 
Pace Technologies), 
 Final polishing is carried out using even softer polishing cloth (Microcloth, 
Buehler) wetted by 0.25 µm and 0.05 µm final polishing suspensions (MasterPrep 
Polishing Suspension, Buehler) respectively in order, 
 Between each polishing step, the samples were washed properly using deionised 
water. Samples are finally rinsed by ultrasonication in Deionised water to remove 
debri off the surface. 
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The region of the sample to be indented is identified under a microscope. Laser scan of 
the region is taken prior to indentation, to compare the surface texture before and after 
indentation. This is done using confocal Laser microscopy (VK-9710, Keyence). To 
measure the Elastic modulus and Hardness, instrumented indentation is carried out using 
the nanoindenter (NANOVEA, Nano/Micro Hardness and Scratch tester). To make the 
indents, the depth-sensing equipment was fitted with a diamond tipped, 3-sided 
pyramidal Berkovich indenter of cone angle 65.3°. Poisson’s ratio of 0.07 is used for the 
indenter tip. Load-controlled indentation was performed, using a Peak load of 60mN. The 
peak load employed for indentation is high enough, so that effects of surface roughness 
do not factor into the measured properties. Equal loading and unloading rates of 
10mN/minute were employed with a 10s hold in between to take into account the visco-
elastic nature of the bone tissue. To minimize variability in measured properties due to 
hierarchical structure, a grid of multiple indents is made on the region of interest. To 
avoid overlap of regions affected by individual indents, the distance maintained between 
each indent is at least 10 times the indentation depth. Laser scan of the region of interest 
pre- and post-indentation is shown in Figure 7. The output from the indenter is obtained 
as a Load v/s Displacement curve, which is used to compute the Elastic modulus and 
Hardness of the sample. 
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Figure 7: (a) Laser scan of surface pre-indentation, (b) Laser scan of surface post-
indentation. Indents (3x5) are enclosed in red. 
 
Optimization of Stimulation Parameters 
To carry out the optimization of the parameters for external stimulation, the entire 
experimental protocol (as detailed above) was repeated 2 more times. While the first 
repetition focused exclusively on optimizing the flow-rate of media perfusion, the second 
repetition focused on optimizing the mechanical loading waveform, in terms of its peak 
load and loading frequency. 
First Repetition 
During the first repetition, in order to highlight the effect of different perfusion rates on 
the cultured cancellous sample, three different rates of (a) 15mL/h, (b) 35mL/h and (c) 
60mL/h were employed. Impact of the flow-rate was analyzed in terms of cellular 
viability, along with matrix stiffness and composition. During this round of 
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experimentation, the cultured samples were subjected to only continuous flow-perfusion 
stimulation and no periodic mechanical loading stimulation. This was done to better 
isolate the influence of media perfusion in prolonging ex-vivo tissue survivability. 
Second Repetition 
During the second repetition, in order to highlight the combined effect of both flow-
perfusion stimulation as well as mechanical loading stimulation, cancellous cores 
obtained from swine femur was once again cultured in three different conditions of 
stimulation- (a) Peak load of 12.4N at 0.22Hz and 60mL/h flow rate, (b) Peak load of 
12.4N at 2Hz and 60mL/h flow rate and (c) Peak load of 12.4N at 2Hz and 15mL/h flow 
rate. 
Results of only the first repetition (optimization of media flow rate) have been presented 
with work still ongoing for the second repetition (optimization of mechanical loading 
waveform). 
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CHAPTER 4: RESULTS AND DISCUSSION 
Device Development Stage (Static v/s Perfusion v/s Loading) 
Cellular Viability  
To get direct visual proof of cellular survivability, we performed fluorescence 
microscopy on stained samples at pre-determined time points as detailed earlier.   Live 
cells were observed as green dots and dead cells as red dots under the microscope (Figure 
8). Gradation in the increase of dead cells and consequently a decrease of live cells is 
evident in the figure during the period of culture. Viable cells could be observed up to 35 
days (5 weeks) for the samples cultured using the bioreactor while culturing had to be 
stopped at Day 7 and Day 21 respectively for the static and perfusion setup.  
Continuous perfusion of nutrient media past the bone samples resulted in better nutrient 
penetration into the tissue, automatic waste-removal and development of dynamic 
hydrostatic pressure on the tissue. Mechanical loading increased fluid flow through the 
canaliculi, thereby stimulating the osteocytes and increasing remodeling activities in the 
bone and continued ex-vivo cellular viability. Thus, the combination of flow perfusion, as 
well as mechanical loading stimulations, yielded the best results in keeping the bone cells 
viable ex-vivo. 
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Figure 8: Comparison of Viability micrographs for Control samples [Day 0 (a, b and c)] 
and samples cultured using our Bioreactor [Day 7 (d, e and f), Day 21 (g and h) and Day 
35 (i)] 
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Raman Spectroscopy 
Figure 6 summarized the results of Raman analysis at different times points of storage. 
Day 0 values were used to plot the normalized results. There was a decrease in maturity 
and calcium content up to 7 days post sample storage for all the three conditions of 
storage. The decrease in matrix maturity indicates increased bone remodeling and the 
formation of newer bone material. The above trend in behavior is observed post seven 
days of storage with matrix maturity and calcium following an increasing trend till the 
end of the culture period. However, with an increase in the culture period, remodeling 
activities is expected to slow down due to cellular apoptosis (Figure 9). The rate of 
cellular apoptosis is expected to be more in the absence of flow perfusion and mechanical 
loading. The above behavior was observed as the static storage condition performed 
worse than the perfusions storage, which in turn performed worse than with mechanical 
loading setup which showed the best retention of matrix content. At the end of the culture 
period (day 35) for the loading setup, a 7.6% drop in overall maturity and a 13.3% 
decrease in calcium content was observed. Material crystallinity for the samples remained 
more or less constant throughout the culture. Variation of normalized maturity and 
normalized calcium-content of the tissue matrix are tabulated in Table 3 and Table 4 
respectively. 
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Days Static Days Perfusion Days Loading 
0 1 0 1 0 1 
3 0.898 3 0.843 7 0.722 
7 1.028 7 0.815 14 0.796 
-- -- 10 0.88 21 0.824 
-- -- 14 0.898 28 0.852 
-- -- 18 0.944 35 0.889 
-- -- 21 0.981 42 0.924 
Table 3: Normalized maturity values at pre-determined time points for Static, Perfusion 
and Loading samples. 
Days Static Days Perfusion Days Loading 
0 1 0 1 0 1 
3 0.915 3 0.732 7 0.69 
7 1.197 7 0.718 14 0.746 
-- -- 10 0.817 21 0.775 
-- -- 14 0.958 28 0.803 
-- -- 18 0.986 35 0.831 
-- -- 21 1.07 42 0.862 
Table 4: Normalized calcium-content values at pre-determined time points for Static, 
Perfusion and Loading samples. 
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Figure 9: (a) Variation of normalized maturity for Static, Perfusion and Loading 
samples, (b) Variation of normalized calcium-content for Static, Perfusion and Loading 
samples. 
Mechanical characterization via Nanoindentation Testing 
Indentation results revealed a decrease in hardness as well as elastic modulus for all 3 
samples (Static, Perfusion and Loading samples) throughout the culture period. The 
sharpest drop was observed for samples cultured in static media, devoid of any flow of 
loading stimulations. At the end of Day 7 when static culture was stopped (by that time 
most of the cells were DEAD), there was a 14.8% drop in hardness and 6.67% drop in 
elastic modulus for Static samples. At the same timeline on Day 7, for Perfusion samples 
there was only a 10.7% drop in hardness and 5.4% drop in elastic modulus. Samples 
subjected to Loading exhibited a much more gradual decrease of 6.7% drop in hardness 
and 0.4% drop in elastic modulus. At the end of Day 21 perfusion culture was stopped 
(by that time most of the cells were DEAD) and indentation was once again performed at 
this period. Perfusion samples exhibited a sharp decrease of 30.2% in hardness and 9.1% 
in elastic modulus. On the other hand, mechanical properties were much better retained 
for Loading samples which showed only a 12.8% decrease in hardness and 2.6% decrease 
in elastic modulus at the end of Day 21. Finally, the culture of Loading samples was 
stopped at the end of Week 6 (by that time most of the cells were DEAD) and indentation 
was carried out on it. Results revealed a 17.4% drop in hardness and a 6.6% drop in 
elastic modulus on Day 42. A sample Load v/s Depth curve obtained for a sample via 
nanoindentation is shown in Figure 10. Variation of normalized elastic modulus and 
normalized hardness of the tissue matrix are tabulated in Table 5 and Table 6 
36 
 
respectively. Graphical representation of this variation of mechanical properties for all 3 
samples, throughout their respective culture periods, is shown in Figure 11. 
 
Figure 10: Load (mN) v/s Depth (microns) curve obtained for a sample via 
nanoindentation. 15 indents have been made in the region of interest. 
Days Static Days Perfusion Days Loading 
0 1 0 1 0 1 
7 0.933 7 0.946 7 0.996 
    21 0.909 21 0.974 
Table 5: Normalized elastic modulus values at pre-determined time points for Static, 
Perfusion and Loading samples. 
Days Static Days Perfusion Days Loading 
0 1 0 1 0 1 
7 0.852 7 0.893 7 0.933 
    21 0.738 21 0.872 
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Table 6: Normalized hardness values at pre-determined time points for Static, Perfusion 
and Loading samples. 
 
Figure 11: (a) Variation of normalized Elastic modulus for Static, Perfusion and 
Loading samples, (b) Variation of normalized Hardness for Static, Perfusion and 
Loading samples. 
While degradation of mechanical properties took place in all 3 cultures, samples cultured 
with loading stimulation could best retain its Day 0 mechanical properties compared to 
Perfusion and Static samples. 
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First Repetition (Optimization of Flow Stimulation) 
Cellular viability 
Both LIVE and DEAD cells could be clearly observed for all the three flow rates of 
15mL/h, 35mL/h and 60mL/h. Control samples imaged on Day 0 revealed the presence 
of mostly LIVE cells. Very few DEAD cells could be initially seen. Carrying out the 
viability analysis at pre-determined time points revealed the presence of LIVE cells only 
upto 20 days of culture for samples subjected to both 15mL/h and 35mL/h perfusion 
rates. However, samples under the higher flow rate of 60mL/h clearly showed viable cells 
upto 25 days of culture. Beyond 25 days, most of the cells had undergone apoptosis. 
Thus, increasing the flow rate resulted in better media diffusion and penetration, 
development of higher hydrostatic shear stresses and improved waste removal to extend 
the tissue viability furthest. Figure 12 shows the comparison between the viability 
micrographs generated on Days 0, 10, 20 and 25 for all the three types of samples. 
Clearly, viability could be furthest prolonged for samples subjected to 60mL/h media 
flow rate. 
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Figure 12: Comparison of Viability micrographs for Control samples [Day 0 (a, b and 
c)] and samples cultured using our Bioreactor [Day 10 (d, e and f), Day 20 (g and h) and 
Day 25 (i)] 
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Raman Spectroscopy 
An initial drop in maturity, right after beginning the culture, was observed for all three 
conditions of 15, 35 and 60mL/h perfusion rates. Samples were harvested and their 
Raman signatures were taken at pre-determined time points. Variation of the normalized 
maturity and the normalized calcium-content throughout the culture period for all the 
storage conditions are shown in the figure below. Sharpest drop in maturity, indicating 
the highest formation of newer bone matrix was observed for samples subjected to 
60mL/h media flow rate. Moreover, after this initial decrease best retention of matrix 
maturity was also observed for samples subjected to 60mL/h perfusion rate. Calcium 
content of the tissue matrix was found to follow a similar trend as matrix maturity. An 
initial drop is observed at the beginning of the culture after which is continuously follows 
an increasing trend. Greatest initial drop in calcium-content and subsequent best retention 
was observed for 60mL/h perfusion rate as compared to 15 and 35ml/h flow rates. 
Variation of values of normalized maturity and normalized calcium-content of the tissue 
matrix are tabulated in Table 7 and Table 8 respectively. Graphical representation of this 
variation for all 3 samples throughout their respective culture periods, is shown in Figure 
13. 
Days 15mL/h Days 35mL/h Days 60mL/h 
0 1 0 1 0 1 
5 0.846 5 0.829 5 0.798 
10 0.873 10 0.859 10 0.825 
15 0.925 15 0.904 15 0.845 
20 0.987 20 0.972 20 0.868 
-- -- -- -- 25 0.878 
-- -- -- -- 30 0.92 
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Table 7: Normalized maturity values at pre-determined time points for samples subjected 
to 15, 35 and 60 mL/h Perfusion rates. 
Days 15mL/h Days 35mL/h Days 60mL/h 
0 1 0 1 0 1 
5 0.7417 5 0.7005 5 0.6449 
10 0.8211 10 0.8129 10 0.7379 
15 0.961 15 0.938 15 0.771 
20 1.1 20 0.998 20 0.817 
-- -- -- -- 25 0.848 
-- -- -- -- 30 0.883 
Table 8: Normalized calcium-content values at pre-determined time points for samples 
subjected to 15, 35 and 60 mL/h Perfusion rates. 
 
Figure 13: (a) Variation of normalized maturity for samples subjected to 15, 35 and 60 
mL/h Perfusion rates, (b) Variation of normalized calcium-content for samples subjected 
to 15, 35 and 60 mL/h Perfusion rates. 
Mechanical Characterization via Nanoindentation Testing 
Indentation results revealed a decrease in hardness as well as elastic modulus for all 3 
storage conditions (15, 35 and 60 mL/h perfusion rates) throughout the culture period. 
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The sharpest drop was observed for samples cultured using 15mL/h flow rate. At the end 
of Day 20 when culture was stopped (by that time most of the cells were DEAD), there 
was a 26.2% drop in hardness and 7.9% drop in elastic modulus for 15mL/h samples. At 
the same timeline on Day 20, culture was stopped for the 35mL/h samples as well (by 
that time most of the cells were DEAD) and indentation was performed on it. 35mL/h 
perfusion samples exhibited a less sharp decrease of 19% in hardness and 5.2% in elastic 
modulus. On the other hand, mechanical properties were much better retained for samples 
subjected to a higher flow rate of 60mL/h. It showed only a 6.9% decrease in hardness 
and 0.5% decrease in elastic modulus at the end of Day 20. Variation of values of 
normalized maturity and normalized calcium-content of the tissue matrix are tabulated in 
Table 9 and Table 10 respectively. Graphical representation of this variation of 
mechanical properties for all three types of samples, throughout their respective culture 
periods, is shown in Figure 14 below. 
 
Days 15mL/h Days 35mL/h Days 60mL/h 
0 1 0 1 0 1 
20 0.921 20 0.944 20 0.989 
Table 9: Normalized elastic modulus values at pre-determined time points for samples 
subjected to 15, 35 and 60 mL/h Perfusion rates. 
Days 15mL/h Days 35mL/h Days 60mL/h 
0 1 0 1 0 1 
20 0.74 20 0.802 20 0.908 
Table 10: Normalized hardness values at pre-determined time points for samples 
subjected to 15, 35 and 60 mL/h Perfusion rates. 
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Figure 14: (a) Variation of normalized Elastic modulus for samples subjected to 15, 35 
and 60 mL/h Perfusion rates, (b) Variation of normalized Hardness for samples subjected 
to 15, 35 and 60 mL/h Perfusion rates. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
In this study, we have presented the development of a 3D printed bioreactor for long-term 
culturing of bone tissue. The bioreactor design includes stimulation via free flow-
perfusion and direct mechanical-loading. Due to the integration of mechanical loading 
within the storage setup, the entire loading setup can be positioned precisely over the 
sample simulatory with flow perfusion. The integrated loading setup reduces the chances 
of sample contamination and intermitted perfusion for loading. The material is fabricated 
using a biocompatible and autoclavable material. Hence the overall, the device is 
lightweight, compact, and can easily be replicated in the laboratory as well as the 
commercial setting for high throughput analysis. Thus, a 3D printed autoclavable setup 
that is light-weight and compact, with both flow-perfusion and mechanical loading 
integrated with the culture chamber as a single unit, having the option of easily playing 
with or varying the peak load and loading frequency is the highlight of our bioreactor. 
Cancellous bone cores extracted from swine femoral heads could be successfully cultured 
up to 5 weeks, with work ongoing for optimizing the physical stimulations to extend this 
period even further. The application and efficiency of the bioreactor were demonstrated 
by successfully culturing for up to 35 days of ex-vivo storage. Raman analysis was used 
to analyze matrix composition and quality, while fluorescent imaging of stained sample 
was used to demonstrate cell viability. Viability was prolonged longest via combination 
of both flow-perfusion and dynamic mechanical loading. Matrix quality in terms of its 
composition and stiffness was best maintained upon application of mechanical loading. 
Moreover, to optimize the media flow rate, perfusion stimulation was carried out at 3 
different flow rates of 15, 35 and 60mL/h. Ramping up the perfusion rate to 60mL/h 
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yielded best results as compared to the lower flow rates. Ongoing work includes 
subjecting the samples to different mechanical loading regimes (by modification of cam-
follower dimensions), to generate the optimized waveform for mechanical stimulation in 
terms of Peak load and Loading frequency.  
Since our in-house fabricated perfusion/compression bioreactor has proven capable of 
prolonged ex-vivo survivability of cancellous bone tissue, it can thus be used as a tool for 
various other types of research that require such a culture. Possible avenues of such 
research is tabulated and further discussed below. 
No. Topic 
1 Cellular Interaction 
2 Abnormal Upregulated Cellular Activity 
3 Cartilage Research (Osteo-arthritis) 
4 Bone Cancer Research (Osteo-sarcoma) 
5 Bone Regeneration Research 
6 Microgravity and Irradiation Studies 
7 Alternate Bone Graft Materials 
8 Drug Development 
Table 11: Different topics of research possible in future using our bioreactor 
1. How do bone cells interact with each other? How do external stimulations affect 
this interaction? 
We know the individual activities of each of the three bone cells when they are 
considered in isolation: Osteoblasts are involved in bone formation, Osteoclasts are 
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involved in bone resorption and the Osteocytes regulate and coordinate these remodeling 
activities. However, the manner in which the presence or absence of one cell influences 
the activity of the other cells is a subject of great interest. Such studies require long-term 
ex-vivo survivability for: 
 Initial extraction of mainly osteoblastic cells for subsequent seeding 
 Monitoring the cellular activities in the viable cores throughout the culture period 
(Guo, 2004) studied six samples based on presence/absence of osteocytes in the native 
sample, presence/absence of seeded extra osteoblasts and presence/absence of Dynamic 
Hydrostatic Pressure (DHP) loading. Results revealed that osteocyte viability was 
enhanced due to application of DHP and reduced due to seeding of extra osteoblasts, 
while the presence of live osteocytes significantly enhanced new osteoid deposition. 
Using our bioreactor, we have already successfully cultured cores similar to the above 
study. So, extraction of LIVE osteoblastic cells from the viable tissue for cell-seeding 
would be possible using our system. The extracted cells can then be seeded onto fresh 
cores or devitalized or even on electrospun scaffolds for further analysis. Also, instead of 
DHP, we can study the effect of the more popular (Continuous Flow Perfusion + Periodic 
Mechanical Loading) stimulation on the way in which the different bone cells interact 
with each other. 
2. Upregulated cellular activities 
– Fracture healing: Domain of the osteoblasts 
– Induced Bone Destruction: Domain of the osteoclasts 
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When bone tissue is cultured ex-vivo in optimum culture conditions, a state of 
homeostasis is reached for the sample inside the incubator. The osteoblasts, osteoclasts 
and the osteocytes work in conjunction with each other to keep the tissue viable for a 
prolonged time. However, deviation from normal bone activity occurs when one of the 
bone cells start to exhibit unusually high activity. The mechanism in which osteoblasts 
show upregulated cellular activity (E.g. In the vicinity of a fracture) or the osteoclasts 
show upregulated activity (E.g. During inflammatory bone destruction) is a topic of 
interest. Such studies require long-term ex-vivo survivability for: 
 Initiation of fracture healing or inflammatory bone destruction 
 Monitoring the cellular activities in the cores throughout the culture period 
Rat mandibles containing a fine crack were cultured by (Smith et al., 2010) and exposed 
to a growth factor (TGF-ß1) to upregulate the osteoblastic activity and study fracture 
healing. Murine mandible slices of 1mm thickness were cultured by (Sloan et al., 2013b) 
and exposed to chemical agents LPS/TNF-α to upregulate osteoclastic activities and 
study inflammatory bone destruction. 
Both the above studies have used only chemical stimulations to increase the osteoblastic 
and osteoclastic activities. Using our bioreactor, we can combine chemical stimulation 
with cell-seeding to study the effect of upregulated activity of a particular cell. E.g. We 
can study osteoid deposition in an electrospun scaffold with externally seeded 
osteoblastic cells, subjected to TGF-ß1 stimulation. Neither of the above two papers have 
mentioned the use of flow perfusion or mechanical loading stimulations in the culture of 
the tissue cores. Using our bioreactor, we can further study how the basic stimulations 
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(perfusion and loading) necessary to keep the bone cells alive, also influence the 
upregulated activities of the cells. E.g. Will the incorporation of periodic low-magnitude 
mechanical loads further increase (the already upregulated) osteoblastic activity, which in 
turn may be used for faster fracture healing? 
3. Cartilage research: Mechanism of cartilage breakdown 
Studies using our bioreactor can be conducted not just on bones but also on the cartilage. 
The femoral head taken from a young animal is still developing. Initially the head 
consists mainly of proliferating chondrocytes. As the bone grows older, the chondrocytes 
get slowly replaced by trabecular bone (Madsen et al., 2011). This remodeling process 
takes place in stages. Proper understanding of each of these stages will greatly help in 
cartilage related research, like osteo-arthritic studies. Such studies require long-term ex-
vivo survivability for: 
 Encompassing the entire cartilage turnover period from initial chondrocytes 
proliferation to final secondary ossification to the subchondral bone. 
(Marino, Staines, Brown, Howard-jones, & Adamczyk, 2016) cultured femoral heads 
extracted from young mice and monitored tissue markers associated with cartilage and 
with bones, as the cartilage-bone remodeling progressed. Also change in the architecture 
of the tissue was analyzed. 
Using our bioreactor, long term survival of young tissue is possible. During the period of 
this culture, young tissues will exhibit cartilage to bone turnover, the magnitude of which 
can be quantified and analyzed by various markers. Moreover, unlike this study our 
bioreactor is also equipped with 2 external stimulations (flow perfusion and mechanical 
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loading). The response of cartilage-bone remodeling to specific stimuli can be further 
studied using our tissue culture platform. 
4. Osteosarcoma research 
Osteosarcoma is the most common primary bone tumor, occurring predominantly in the 
second decade of life. It is the 5th most prevalent malignancy among adolescents. Despite 
being the most common bone tumor, cases of osteosarcoma is actually quite rare 
(Janeway & Walkley, 2010). Also, since it is prevalent mostly among children and young 
adults, the target patient population is less likely to enroll on clinical trials. Furthermore, 
in-vivo study of osteosarcoma is quite difficult. Because of the bony matrix, even when 
exposed to highly effective therapy osteosarcoma may not exhibit a radiographic 
response (Janeway & Walkley, 2010). All these factors render an ex-vivo osteosarcoma 
model invaluable. Such studies require long-term tissue survivability to: 
 Study the effect of cancer cells seeded onto a viable tissue 
 Study how tissue response to external stimulations (necessary to keep the tissue 
viable) deviates from normal, due to the presence of the osteosarcoma cells 
(Marino, Staines, Brown, Howard-jones, et al., 2016) used clavaria extracted from mice 
to be used as samples, which were cultured in a bioreactor and harvested at pre-
determined times for analysis and comparing the effect of seeding of the osteosarcoma 
cells on them. (Three-dimensional, Mueller, Mizuno, Gerstenfeld, & Glowacki, n.d.) 
seeded osteosarcomas cells onto collagen sponges and subjected the structure to flow 
perfusion of the media to study cellular viability, activity and mineralization.  
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Most of the studies performed on osteosarcoma, uses murine models for culture. Our 
bioreactor however, can successfully culture large animal (swine) samples. Osteosarcoma 
research with our bioreactor using swine samples is a much better approximation to 
human models than previous works. Moreover, the equipped external stimulations (flow 
perfusion and mechanical loading) in our bioreactor give us another parameter to play 
with. We can study the effect of these stimulations in providing a hindrance or 
upregulating the activities of the seeded osteosarcoma cells. 
5. Bone regeneration research 
Bone reconstruction of large defects can be necessary due to various reasons such as 
tumor resection, degenerative diseases causing severe bone loss or even traumatic 
injuries. Tissue engineering for bone regeneration is a very promising approach. It 
incorporates three basic components for bone regeneration: (a) a degradable yet 
sufficiently strong scaffold material (strong enough to bear loads without causing stress-
shielding of surrounding bone), (b) active cells seeded onto the scaffold, (c) proper 
environment and suitable growth factors. Bioreactors equipped with suitable stimulations 
can aid a great deal in this regard. Such studies require bioreactors to maintain long term 
tissue survivability for: 
 Keeping the cells viable for continued deposition of osteoid onto the supporting 
scaffold until the structure is ready for implantation 
 Imparting stresses on the scaffold to increase the cellular activities of the seeded 
cells 
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(Mikos, 2008) used a bioreactor to culture MSCs seeded on a titanium mesh and 
subjected the construct to different rates of media perfusion to check the effect of flow 
perfusion stimulation on the seeded MSCs. (Ikavitsas et al., 2005) used polymer PLLA 
mesh as the scaffold to seed murine MSCs and provide perfusion stimulation using a 
tissue culture bioreactor. 
Using our bioreactor we can monitor the behaviour of the MSCs/Osteoblast cell-lines 
seeded onto de-mineralized scaffolds, titanium scaffolds or electrospun polymer meshes 
using cellulose, PLLA, etc. in terms of cellular proliferation and differentiation 
(Viability) and increased osteoid deposition (Composition). Studies in this regard have 
mostly checked the effect of shear stresses resultant out of only perfusion stimulation. 
Using our bioreactor, we can induce higher shear stresses on the active cells by 
subjecting the scaffold to additional mechanical loading. 
6. Microgravity and Irradiation exposure research 
Mechanical stiffness of the bone matrix can be affected by various factors such as 
exposure to radiation (Chauhan et al., 2017), micro-gravity (Torcasia et al., 2014), etc. 
Such external environmental conditions take precedence in outer space research. 
Exposure of colonies of live animals to the harsh conditions of outer space is not only 
inconvenient but also an unethical way of carrying out such research. Thus, a compact, 
light-weight bioreactor capable of maintaining tissue viability ex-vivo for subsequently 
launching into space would be a valuable contribution. Such studies require maintain 
long term tissue survivability for: 
 Keeping the tissue alive till the time it reaches outer space 
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 Monitoring the effects of prolonged exposure of a LIVE tissue to radiation and 
micro-gravity  
(Torcasia et al., 2014) exposed bovine cancellous explants to microgravity and cultured 
them in a perfusion-compression bioreactor. 
Our bioreactor is fabricated by 3D printing. It is light in weight, compact and equipped 
with 2 external stimulations capable of maintaining ex-vivo tissue viability upto 5 weeks. 
It would require further modifications such as shielding all the components except for the 
culture chamber from radiation and heat, but our bioreactor can be used in future for 
space research. 
7. Development and testing of new bone graft materials 
Bone grafts are used to replace missing bones in case of severe damage or bone loss. 
Significant research is being carried out on discovering suitable bone substitute materials 
capable of acting as implantable bone grafts. Biocompatibility and osteo-conductivity are 
essential features of such materials. Bone grafts are expected to be resorbed and replaced 
as the native bone heals. Such studies require maintain long term tissue survivability for: 
 Confirming if a particular bone substitute material is suitable for maintaining ex-
vivo cellular viability over a prolonged period of time 
 Checking is the material is capable of inducing proliferation and differentiation of 
the seeded cells increased osteoid deposition and subsequent remodelling 
(Ayobian-Markazi et al., 2012) evaluated four bone substitute materials by seeding 
osteoblastic cell-lines onto scaffolds made from each of them and culturing the scaffolds 
53 
 
in a bioreactor. He compared the biocompatibilities of the materials in terms of cellular 
viability and cellular activity. 
We can prepare scaffolds of different materials and culture cells seeded onto them in our 
bioreactor. We can then compare each of their propensity to cellular attachment, 
proliferation and differentiation of the seeded cells, extracellular matrix production and 
maintenance of cellular viability to compare the promise of different materials for use as 
possible bone substitutes. 
8. Drug development and administration strategies 
Greater knowledge and understanding of the complex 3D architecture of bone has 
allowed researchers to create new local delivery scaffolds to deliver the drug molecules 
directly to the injury site. New drug delivery systems can be tried and the tissue can be 
subsequently tested out ex-vivo by administering the drug molecules to a viable tissue 
core cultured within a bioreactor. Such studies require maintain long term tissue 
survivability for: 
 Testing the effect the drug and also the drug-delivery implant on the cultured 
tissue over a long period of time 
(Rahman, Atkins, Findlay, & Losic, 2015) cultured bovine trabecular cores and used 
nano-engineered aluminium wires to deliver drugs to the cultured samples, to study 
cellular viability and efficacy of drug release. 
We can use out bioreactor to culture osteosarcoma cell-seeded live cores or synthetic 
scaffolds and administer suitable drugs to check their effect over the cultured samples. 
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